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TECHNICAL NOTE 4338

GRAPHES OF REDUCED VARTABIES FOR COMPUTING EISTORIES OF VAPORIZING
FUEL DROPS, AND DROP HISTORIES UNDER FPRESSURE

By G. L. Borman, M. M. El Wakil,
0. A. Uyeheras, and P. S. Myers

SUMMARY

The purpose of the present investigation was two-fold. The first
objective was to obtain a simplified calculation technique that would
replace the compliceted automatic camputer caleulations. The second
objective was to obtain experimental data for single droplets vaporizing
at pressures grester then 1 atmosphere and to check computed histories
against these data.

A method of calculstion using reduced curves and nomograms is ex-
plained. Graphs and nomograms thet can be used to calculate histories
of n-decane droplets are presented. Similar graphs may be constructed
for eny pure fuel with known physical properties, as described in this
report. The accuracy of the calculation technigque is shown to be within
the agreement between experiment and theory. The method of applicsation
of such simplified calculstions to fuel sprays is discussed, and the
limitations of the ecalculatlons are pointed out.

Steady-state temperatures of hexane, decane, and hexadecane were
obtained experimentally for verlous temperatures and pressures from 1 to
5 atmospheres. The experimental data sgreed with the calculated values
to within +10° R. A few experimental unstesdy-state histories for n-
decane at 2 and 4 atmospheres pressure are presented. These histories
show no great deviation from the calculated histories.

INTRODUCTION

An understanding of the processes that occur in the atomization,
acceleration, and vaporlzation of fuel droplets in e spray is important
to the design of combustors. Atomization results in bresking the mass of
the liguld fuel into & spray of tiny spherical droplets and thus {remen-
dously increases the fuel surface area exposed to the air. The total
mass vaporized from the spray may then be obtained from a study of the
vaporization of each droplet, or & number of individusl droplets, in the
spray. Since rapid veporizstion is essential to ensure a rapid rate of
heat releasse, an understanding of the phencmens occurring in the spray
is Important. In addition, if the largest droplets do not have time to
vaporize sufficiently, they may leave the combustion zone in liquid
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form; this represents a loss in efficiency charged against the combustor.
Thus, it is of interest to be able to estimete rapidly the histories of
single droplets in order to aspproximate spray histories.

Earlier investigsetions ‘at the University of Wisconsin were concerned
with the problem of predicting the temperature and mase histories of
single droplets. A theoretical investigetion (ref. 1) showed the effects
of the unsteady-state portion of the veporization histories to be of con-
siderable importance. The theoretical study was followed by an experi-
mental study (refs. 2 and 3) primarily concerned with veporizetion under
atmospheric pressure. Ligquid-fuel droplets were hung on a spherically
shaped thermocouple junction. Heated eir wes then suddenly caused to
flow over the drop. The temperature and size of the drop were recorded
as 8 function of time. The experimental results were compared with com-
puted historles; theoretical and experimental mass curves agreed to
within 20 percent.

The investigation reported herein is concermed with two fundsmental
problems. The first problem is to compare the theoreticael predictioms
with experimental data taken at pressures higher than 1 atmosphere. The
second problem is to evolve & simplified calculation technique that cen
be used to obtain droplet historles easily. The equations for heat
transfer, mass transfer, and serodynemic drag mey thus be solved simul-
taneously to result in a reasonsbly simple and accurate method of pre-
dicting spray vaporization behavior. It should be noted that such cal-
culations give no information concerning the possible chemicael Interaction
between fuel and air, nor do they take into account the effect on the
vaporization of any fuel vapor that may be mixed with the air (refs. 3
and 4). These latter problems are. however, beyond the scope of the
study of single-droplet vaporization.

This investigation was carried out at the University of Wisconsin
under the sponsorship and with the financial assistance of the Natlional
Advisory Committee for Aeronautics. Special acknowledgment is given to
Mr. Wolfgang Rockenhauser for his help in obtaining some of the pressure
data presented herein.

SYMBOLS

Ag surface ares of liquid drop

Q

lumped physical parsmeter (tsble I)
,8 specific heat of alr at constant pressure

Cp’f specific heat of fuel vapor at constant pressure

0808
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Cp,L
CP;m

speclfic heat of liquid fuel
specific heat of air-vepor mixture
lumped physical psrsmeter (table I)
diffusion coefficient of air-vepor system
integral function of X

liumped physical parsameter
coefficient of heat transfer
lumped physical parsmeter

thermal conductivity of alr
thermal conductivity of fuel wvapor
average thermal conductivity in air-vepor mixture
mean molecular weight

molecular weight of alr

molecular weight of fuel

mass of drop at time &

Nusselt number for mass transfer
liquid vapor pressure

Prendtl number

total pressure

heat received at drop sm::".’acé
hegt-transfer rate

heat of veporization

first dqummy scale on 6{ nomogram

second dummy scale on 6{ nomogram
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Reynolds number

gas constant for fuel

radius

Schmidt number

dummy varisble

alr temperature

liquid tempersture

mean temperature

steady-state liquid tempersture
air veloclty relative to drop
(Nu' - 2)

physical parsmeter (appendix D)
time, sec

total droplet vaporizetion time

total droplet veporlzation time for drop initially st
steedy-state conditions

viscosity of air

viscosity of fuel vapor

mean viscosity of ailr-vapor mixture
density of air

density of ligquid

mean density

latent heat of wvaporization

mass veporization rate from drop

0806
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Subscripts:

a air

a decane

i fuel

L liquid

m mesn value

u unsteady-state condition

W steady-state condition

0,1,2, « « . 0, initial value; 1,2, « . . following values or increments
Superscript:

* reduced velue of variasble, a dimensionless gquantity

EXPERIMENTAT. INVESTIGATION
Experimental Appersatus

The basic components of the experimentel apperatus described in
reference 3 were retained for the experiments at elevated pressure (fig.
1). A description of the opticael system, air heater, and temperature
recorder is found in reference 3 and, for the most part, is not repeated
herein. .

The major addition to the previously used apparatus was &a pressure
bomb or flow chamber, which was fastened to the sir hester and enclosed
the air nozzle loceted at the bottam of this chamber. A throttled port
at the top of the chamber sllowed the outwerd airflow to be regulated.
By proper edjustment of the line pressure, inlet flow, and exit flow, a
range of air pressures end flow velocities could be achieved. The ther-
mocouple (fig. 2) extended down into the chember from the top and could
be adjusted so that the thermocouple bead was located immedistely above
and at the center of the air nozzle. The airflow over the thermocouple
bead was controlled by an externally triggered deflecting plate.

The static air pressure in the chamber was measured wilth three cali-
brated pressure gages whose meximum ranges were 15, 30, and 60 pounds
per squeare inch gage, respectively.
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The air veloclty at the ligquid droplet was measured with an Illinois
Testing Leboratories Velometer having e range of 0 to 600 feet per min-
ute. Since this velometer was designed to operate at atmospheric pres-
sure, the velameter case and tubes had to be maintained at the same
pressure ag that of the airstream whose veloclty was being measured.
Since the velometer could not withstend prolonged periods in a hot atmos-
phere, 1t was necessary to enclose the velameter in a separsate housing.
The static pressure within this housing was made equal to that in the
chember by means of an intercomnecting tube. A pressure gage mounted on
the velcameter housing was used to compare housing and chamber pressures.
The metal probes of the velameter were introduced into the chamber through
a bushing and could be slid over the nozzle or made flush with the lnside
wall of the chamber. The interconnecting tube, probes, and brackets were
all weater-cooled so that the wvelometer housing remained cool despite the
elevated temperature of the chamber.

The optical system was not revised for teking pressure data except
that the second condensing lens and the f/ls projection lens were placed
inside the bomb. Two l-inch-thick glass windows made up two walls of the
bomb and thus allowed the light beam to pass through the bomb. A small
nirroxr was mounted ocutside the bamb in such a way as to allow the inside
of the bamb to be observed directly.

At 1 stmosphere the fuel droplet could be placed directly on the
thermocouple, as described in reference 3. For data teken at elevated
pressures & more elsborate system was required. This system is shown in
figure 3. The fuel was contained in the plston device shown in the fig-
ure. A fine and coarse thread allowed adeguate control of the feed.
Since the piston device was external to the chamber, fuel changes could
be made without disturbing the alr pressure in the chamber. It was found
necessary to cool the fuel by means of a water Jacket so that no vapori-
zetion or heating of the fuel would occur in the fuel line. Without this
cooling, heat conducted from the bomb would vaporize the fuel before the
drop could be suspended on the thermocouple bead. The hypodermic needle
could be brought up to the thermocouple by means of the threaded disk
shown in figure 3. The needle could be drawn back most rapidly by manu-
ally sliding the entire fuel line and water jacket back an inch or two.
When changing fuels, it was necessary to wash the entlire fuel system
carefully with acetone before introducing the new fuel.

Numerous attempts were made to add cool air to the chamber either
prior to or during the experiment. It was thought that such subsidiary
air would help to cool the thermocouple and fuel prior to teking the
history. None of these attempts was fully successful. Any air intro-
duced at the sides or bottom of the chamber caused fluctuations in tem-
perature and velocity at the test section. A method wes devised to turn
on the subsidiery air and simultaneocusly open an additional air release
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port. This method prevented disturbance of the alr pressure and tempera-
ture but caused a disturbance of the velocity thaet lasted approximately
30 seconds after the cool air was turned off. Sinece the cooling effects
lasted only slightly longer than the velocity disturbance, this method
was impractlcal.

Procedure and Accuracy

The first step in teking experimental data was to calibrate the
optical system as described in reference 3. After this celibration, the
thermocouple was placed 1n the bomb, end the system was brought up to the
desired temperature end pressure. The system usually required 24 hours
of heating to establish & constent alr temperature. Before datas were taken,
the alr veloecity and pressure were measured and recorded. The pressure
measurements had a relative error of less than 2 percent. The air tem-
perature was measured by using the thermocouple itself. The thermocouples
were calibrated in a hot oil bath prior to being used; this calibration
was accurate to within +2° R. The procedure in taking date consisted of
the following actions: Slowly bringing the hypodermic needle up to the
bead, placing the drop on the thermocouple, pulling back the needle
quickly, starting cemera and recorders, and triggering the air blast.
Accurecy and calibration date for the recorder, £ilm, and temperature
readings may be found in reference 3.

Several runs usually were made with the same fuel to check repro-
ducibility. The unsteady-state portlon of the histories proved to be
less reproducible than would be desired. The thermocouple beceme heated
because of the continued flow of hot alr in the confined space of the bomb
prior to teking the history. This heating, together with entrepped air
bubbles in the drop, caused the Initisl portion of the temperature curve
to very considersbly from run to run. Repeated trials produced curves
believed to be reasonsbly accurste in the unsteady-state portion of the
history, but the difficulties of the experiment prevented the taking of
data that could be considered as reliasble as that presented ir reference
3. BReproducibility of steedy-state temperatures was found to be good,
with variastions as small as +3° R.

Experimental Results

A 1imited smount of accepteble data was obtained for pressures
greater than 1 atmosphere. Several trends, however, were experimentally
estgblished. As the pressure is increased, the unsteady-state becomes
even more important; that is, the ratio of the time to attain the steady-
state temperature to the time to completely wvaporize the drop increases.
Theoretically, this ratlo spproaches a limit of 1 as the pressure is
increased. Secondly, the steady-state temperstures increase with in-
creasing pressure. This increase tends to become less at higher pres-
sures, so that the difference between unsteasdy-state temperatures at 1
and 2 stmospheres is much greater than the difference at 4 and 5
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atmospheres. Thirdly, the higher steady-state temperatures may in some
cases cause the total vaporization time to decrease with increasing
pressure.

Figures 4 and 5 show experimental tempersture and mass histories at
2 and 4 atmospheres of pressure. Figure 6 gives experimental steady-
state temperstures for verious pressures asgalinst air temperature. At
higher air temperatures, heat transfer from the thermocouple wires caused
the liquid temperatures to be erroneously high. This heat-transfer prob-
lem was increased at higher pressures because the thermocouple itself was
heated more in the bomb then when in open sir.

Comperisons of Experimental and Calculated Results

Figure 6 shows the agreement between calculsted and experimental
steady-stete temperatures. This agreement is within +10° R as compared.
with +4° for 1 atmosphere of pressure. About +5° of this difference may
be accounted for by experimental inaccuracies. Figures 4 and 5 show
both computed and experimentel histories at 2 and 4 atmospheres. The
same error trends that were discussed in reference 3 are present; that
is, the experimental snd mass-transfer histories were within 20 percent
for all cases studied. With the exception of steady-state temperature
sgreement, the agreement between experimental and calculated histories
was similar to that reported in reference 3. No other significant error
trend was found as the pressure was increased to 5 atmospheres
absolute. !

SIMPLIFIED CALCULATION TECHNIQUE

Original computations of droplet vaporization histories, as found
in references 1 to 3, were performed with the aid of either desk c¢alcu-
lators or sutamatic high-speed compubters. The desk calculations were
prohibitively lengthy. The time required to compute historiles with
sequenced computers varied considerebly with the type of machine avell-
able, The IBM 650 with subroutined floating decimal can calculate &
history in spproximately 10 minutes. Other machines may require as much
as 1/2 hour or as little as 2 minutes to caleculate a history.

While the high-speed computer is an excellent tool for calculation,
it has & number of disadventages: Computer progreaming may be time con-
suming, computer time may be difficult to obtain, the cost of operation
is high, and lastly a computer of adequate size simply may not be avail-
egble. Therefore, an attempt was mede to replace the computer calcule-
tions with a simplifled calculation technigue. A number of techniques
were tried with little success; these attempts are reported in appendix
A. The method of reduced-veriable graphs, which proved most successful,
is described herein.

Q808
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Construction of Plots of Reduced Varlables

The massetransfer histories given in reference 3 are guite similar
in appesrance, the charascteristice curve being "S" ghaped. Deviation
from this shape occurs only when the initial slope is not approximstely
zero. Such deviations may be eliminated by restricting the initial liguld
temperature to scme spprbdpriately low value. The exsct value of the 1lig-
uid temperature that will satisfy this condition depends on the fuel and
air temperature range. For example, ‘the maximum initial liguid tempersa-
ture for n-decene with air temperatures of 800° to 1600° R that will give
an initial slope of approximstely zero is 550° R. This maximum tempera-
ture is called the zero-slope temperature.

With the initiel temperature fixed at the zero-slope value, all
histories for a particular fuel are similer in sppearance except for the
time scale. For a particular fuel umder the conditions studied, division
of the time scele by the total vaporization time gives a famlly of reduced-
mess curves that all lie within 20 percent of each other. If the air
temperature is held constent and the radius and./ or veloclty varied, the
reduced curves fall very close to each other. Verlation of the air tem-
perature thus causes most of the 20-percent varistion mentioned.

Examination of the mass curves shows that the infleection point cor-
responds to the end of the unsteady state. The proportion of time spent
in the unsteady state is known to be influenced by the air temperature.
Fortunately, the reduced-mass curve 1is nearly a straight line in the
neighborhood of the inflection point and thus minimizes the effects of
air tempersture. A single curve thus can be made to represent all such
reduced curves to within the accuracy warranted by the agreement
between IBM calculetions and experiment. Such a reduced curve for n-
decane is shown in figure 7(a). This curve was constructed fram camputed
mass-transfer curves. When the reduced curve was drawn, points farther
to the right were favored so as to fit the experimentel trends better,
as discussed in reference 3.

Computations for initial liquid temperstures lower than the zero-
slope temperature offer no difficulty. To a good approximation the equa-
tion for heat transfer with no mass transfer applies to these low liguid
temperatures. Appendix A gives the equation and solution for this case.

Computations for initial liquid temperatures higher than the zero-
slope temperabure require the use of only part of the reduced-mass-
transfer curve. The portion of the reduced-mass-transfer curve to the
right of any value of reduced time corresponds to a mass history with
initisl tempersture greater than the zero-slope temperature. If the lig-
uid tempersture st each reduced time is known, the reduced-mass-transfer
history may be obtained by merely taking that part of the history to the
right of the point corresponding to the desired initial temperature. New
reduced axes that run from O to 1 must then be constructed so that the
history will begin at zero time and zero mass transferred.
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A plot of liquid temperature against time glves a single curve for
any one fuel, pressure, and alr temperature; that is, the curve is inde-
pendent of size and velocity. Famllies of curves must be drawn for var-
ious pressures and temperatures. Figure 7(b) gives such curves for n-
decane st 1 atmosphere of pressure. Again, the curves were constructed
from computed data. A reduced-temperature scale does not bring these
curves for various air temperatures together.

The total vaporization time may be obtained from steady-state vapor-
ization time and the reduced-mass curve, as explained in the following
section. As & computational ald, the graphs and nomogram presented in
figures 8 to 10 were constructed from equation (Al) and the physical
propexrtles given in appendix IV of reference 3. Appendix B glves
details concerning the comstruction of figure 10.

Graphs and nomograms similar to those given here may be constructed
for any pure hydrocarbon fuel. Hexane and hexsdecane, for exsmple, were
reduced in the seme manner as decane. Unfortunately, the shape of the
reduced-mass curve varles with the fuel. No single curve that would
represent all fuels could be found. When the curves for wverious fuels
are plotted so as to agree during the initial portion, they diverge at
higher values of the reduced time 6%,

If it ie desired to calculate a mass history for a fuel "x" similax
to decane (i.e., the steady-state temperatures are within approximately
50° R of each other for several air temperatures), the reduced-mass
curve for decane may be corrected as follows: Use the reduced curves for
decane with the initial liguld temperature computed from the equation

T, 0,8 = Tn,0,x * (Tw,a = T, x)

where TL,O,d 1s the initial 1liquid temperature to be used for decane,

TL,O,x is the initial liquid temperature of fuel "x," Ty, d is the

steady-state temperature for decane, and Tw,x is the steady-state tem-
perature for fuel "x." The construction of the reduced curve follows the
procedure given in the following section. The total vaporization time
should be calculated from dats for fuel "x." It should be remembered
that this correction gives only an approximation to the correct reduced
curve and should be used only for fuels similar to decane.

The reduced-mess curve for decane at 1 atmosphere pressure may be
used with but 1little error for higher pressures up to at least several
atmospheres. The liguid-temperature curves will not be the same for
different pressures.

080S
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Calculation of Mass and Temperature Historles Using FPlots of
Reduced Varisbles for Droplets Vaporizing with
Constant Relative Air Velocity

Figure 7(2) is a plot that represents all mass-transfer curves
(within the accuracy given on p. 14) for the following range of
conditions:

Tnitlal liquid temperature, PR « « « « « v+ 4 « « « ¢ = « o« = « » « . 550
Air temperature, PR . « « . ¢ ¢ ¢t s+ e s 4 e .+ . . BOO STy <1800
AMr velocity, in./fsec . . ¢« v ¢ . . v ¢ 0. ... .. 105V €1000
Initial radius, 0. .« « « o o o ¢ « o o o o o+ o « o &X107% 21y <1072
Fuel . & & & & ¢ ¢« ¢ o « o ¢ o o o 2 5 s s s s s o o s s a s o Eydecane
Totel pressure;, atlm b8 . + +¢ ¢ o « ¢ ¢« ¢ o o &« o s o o o o o L 5_PT <4

Figure 7(b) is a plot of liquid temperature agsinst reduced time for
various air temperatures. Each curve is for 1 atmosphere of total pres-
sure and the given range in radius and velocity.

Two steps are involved in the calculgtion of mass hilstories from the
charts. Step 1 is the construction of a reduced-mass curve sppropriate
to the initial liquid temperature of interest. Step 2 1s the conversion
of the reduced curve to the desired mass (against time) history. The
procedures to be.used in different cases are indicated as follows:

Step 1: Construction of reduced-mass curves

(a) Ty, 0 = 550° R

Drops with initial liquid tempersture of 550° R have the reduced-
mess-trensfer curve given by figure 7(a).

() Ty, o > 550° R

If the initial 1liquld temperature is greater than 550° R, only a
part of the reduced-mess curve given in figure 7(a) can be used. The
construction of the new reduced-maess curve for this case proceeds as
follows:

(1) Select from figure 7(b) the curve corresponding to the air tem-
perature of interest.

(2) Read the value of 6% given by this curve at the temperature
TL,05 call this wvelue of the reduced time q§
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(3) Find the point corresponding to 93 on the curve of figure 7(a);
cell this point (mg, 93)'

(4) Let the point (mg, 6%) be the origin of a new set of axes; these

axes should be constructed parallel to the originel m¥*, ¢*¥ axes. Con-
struct scales on each of these new axes that run from O to 1.0. The
value 1 should coincide with the value 1 on the old m¥, 6% axes. Fig-
ure 11 is & schematic example of such a construction. The new axes asnd
the portion of the reduced-mess curve to the right of the new origin
(m”o“, 63) form the reduced-mass curve sought. The uniform scales (fig.

12) can be used in constructing the new axes scale, or & straight edge
and the gecmetry of similar triengles can be used in place of the uniform
scales. :

(c) Tr,0 < 550° R

If the initial liquld temperature is less than 550° R, the portion
of the mass history prior to 550° R must be computed separately. Since
no mass 1s transferred during this period, the calculation 1s for the
heating time only. This case proceeds as follows:

(1) Use equation (A2c) with values of C and D &8s given in table
I to calculate the time required to reach 550° R liguid tempersture.
Note that this is not a reduced time.

(2) Calculate the actual mass history from 550° R on as directed in
step 1(a) snd step 2.

(3) Add the time to reach 550° R (step 1(cl)) to the result of
step 1(c2).

Step 2: Converslon of reduced-mass curves to actual-mass histories

The reduced-mass curve glven by step 1 is conv_)eerted to a mass-
trensfer history by multiplying the reduced time 6y by the totel vapor-

lzation time 6, which is obtained as follows:

Pick a value of 6% +that is well within the steady-state region
(say €% = 0.8); call this point (my,, 6,). Find the reduced radius

r$ = rw/ro corresponding to this point by use of figure 13. Figure 13
reguires the knowledge of T, 0» Ty 804 m;‘;, all of which are known.

Ed
Figure 10 now gives the veporlization time for a drop veporizing at steady-
state conditions with initisl radius r,, and velocity V. The value of

6y cen now be calculated from the equation

O

A numerical example of this procedure is given in appendix C.

= 6/1 - o¥
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Construction of Mase Histories for Droplets Vaporizing with
Changing Relgtive Air Velocity

It is assumed thet drag coefficients are aveilable from which the
relative air velocity may be calculated (see ref. 5). The procedure to
be followed is & stepwise trial-and-error process:

(1) Construct the reduced-mass-transfer graph as in step 1 of the
preceding section.

(2) Hold all conditions except velocity constant and caleulate values
of 64 for various V. The calculation is performed as in step 2 of the
preceding section. )

(3) Pick an increment of time A9 that is some small fraction of
the 6; value corresponding to the given initisl velocity.

(4) Assuning the mass to be constant, calculate the velocity at time
A8 88 predicted by the drag equations. Celculate the average veloclty
during time Aa.

(5) From the graph prepared in step (2) of this section, read the
value of @, corresponding to the average velocity calculated in step
(4). Call this time 6y 1.

¥
(8) Calculate L6% = Ae/et,l.

(7) From the mass curve of step (1) of this section, f£ind the m¥
corresponding to A6¥. This gives the first point, (m]"_‘, AB), of the
mass history.

(8} If the mess has changed appreciebly during the time A8, the
calculations of steps (4) to (7) may need to be repeated with a more
accurate average mass.

(9) Repeat steps (4) and (5) for the next time step. Step (6) now
should read Ae‘ée = AGE’Le + Ae/et o0 Step (7) follows as before.
2

For steps other then the first, the curves for velocity and mass of
the drop may be extrapolated as an aid in estimating the values to be
used for the next step.

The calculation thus proceeds step by step to give the mass-transfer
history. A numerical example is given in appendix C.
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Accuracy of Method of Reduced-Varisble Charts

Base of calculation and speed are important factors in considering
the relative merits of calculation techniques, but the accuracy of the
results must not be ignored. The range of conditlons covered by the
reduced-varisble plots was chosen so as to approximate engine. operating
conditions. This range exceeded the range for which experimental data
were avellaeble. Direct comparison of mass histories cbtained by use of
the reduced-veriable charts and the experimental curves was possible only
for the largest drop size in the renge congidered, thet is, 500 microns.
Comparisons of experimental curves with curves obtained from IBM calcula-
tion and from the reduced-varisble charts are given in figure 14. Curves
for cslculations. assuming no unsteady state and also for the method of
solid spheres (see appendix A) are included. In each case the use of the
reduced-variable charts provides the best agreement with experiment. In
order to check these charts for a wider range of conditions, ccamparilsons
with IBM calculsatilions only are given in figure 15. In each case the
agreement is good. In general the sgreement 1s poorest at low air tem-
peratures. Radius and velocity have but little effect on the relative
error. While the charts asgree with the IBM calculations for these condi-
tions, it must be remembered that the theoretical calculations themselves
are subject to the error trends given in reference 3. These trends sug-
gest that the IBM calculstions may disagree considergbly with experiment
for very smell droplets.

Figure 16 ccmpares the results of calculations using the IBM and the
reduced~varisble charts for veriable air velocity. The veloeclity curve
was chosen arbitrarily and thus wes known precisely. This procedure is
permissible, since the computatlions were for comparison purposes only.

Use and Limitatlions of Histories

In order to use the computed histories to predict the behavior of
an alr-spray system, the following technique may be used:

(1) A representative droplet-size distribution for the condition of
interest is determined or assumed. The initial liguid temperature must
be known or assumed. The airflow pattern and relsbtlve air veloclity must
also be known or assumed.

(2) The use of the computed histories that assume no interaction
between droplets should be justified on the basis of the dispersion of
the spray in question and the over-all fuel-air ratio. In the case of
sprays found in jet engines, the suthors believe that this asswmption is
justified and that the computetions presented are adequate. If the spray
is dense, other considerations and technlques will have to be teken into
account (refs. 3 and 4).

0808
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(3) The entire spray may then be divided into a number of “size
groups” and the percentage by welght of each determined. Eeach size group
mey be represented by a single droplet size that may be chosen as some
average of the range of its particular size group. Any error involved
in the averaging technique will be minimized if a sufficiently large num-
ber of groups is chosen.

(4) Bach representative droplet will be treated in the manner sug-
gested in this report. Since the droplets will be affected by aerody-
namic drag, the procedure outlined on page 15 should be used.

(5) The amount vaporized from each size group will then be obtained
gs & Punction of the distance from the nozzle or the point at which the
epray was first formed and ceme into contact with the ailr.

(6) The totel amount of vapor formed from the spray can then be ob-
tained by adding the properly welghted vaporization due to each size

group.

(7) After the initial fuel-air ratio by weight is known, a distance
from the nozzle may be found at which an over-gll aeir-vepor mixture of
combustible strength is formed and where all physical processes are
thought to have made their contributions. A spark plug or flameholder
may then be placed near that point to initiate or sustain combustion.

The balance of the computed individual histories are actually meaningless
beyond this point.

The calculated veporization histories do not necessarily describe
the droplet lifetimes in their entirety. Some or all the droplets
present, say in a fuel-spray system, may deviate from these calculated
histories scmetime during their lifetimes in an actual combustor. The
lifetimes of fuel droplets may be thought of as composed of two parts.
The first is physicel; this can be adequately described by the calculated
vaporization histories obtained by using the technique presented I1n this
report. The second is chemiesl; this includes the time required for the
oxygen and fuel molecules to arrange themselves for combinetion into
cambustion products. It is quite likely that the two mentioned parts,
physical and chemical, overldp to an appreclable degree.

A second. limitation has to be placed on the unrestricted use of
the ecomputed histories as previously outlined. These computations are
based on the assumption that an sbundsnt quantity of air accompanies
each droplet; that is, no interaction occurs between droplets, and the
pressure snd temperature of the air are unaffected by the vaporization
process. Thus the computed historles do not show any effect that may
result from the close proximity of droplets. In dense parts of a
spray the air temperature may drop appreciebly. The rate of vaporization
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also will decrease because of the reduction of diffusional driving forces .
by the presence of fuel vepor in the air surrounding the droplets. As

an ultimate condition, the fuel-air system will reach adisbatic equilib-

rium, end the vaporization process ceases (refs. 3 and 4).

It is felt that, for the most part, fuel sprays existing in continu-
ous flow or Jet-type combustors are so dispersed that the partisl pressure
of the fuel vapor in the air surrounding the droplets 1s not high encugh
to affect the diffusional driving forces appreciebly. The driving force,
therefore, will always be assumed equel to the fuel vapor pressure of the
liquid fuel at the liquld temperature. The droplets are Par enough re-
moved from each other that "single droplet”™ computations, such as those
described in this and previous reports, are accurate.enough to describe
the histories of the droplets during their period of pure vaporization;
that is, before ignition tekes place. The air temperature during this
Process will not be appreclably reduced. The air pressure will remain
uniform, since frictionsl losses and the préssure rise due to veporiza-
tion are relatively negligible,

. 0808

Caution should also be exercised in the use of "ignition delays" or
"preflame distances" obtained by using one of these procedures. In ’
actual combustors, there are a number of varisbles that render this pro-
cedure comparative at best. Turbulence end backflow, for exsmple, dis- .
turb the pattern of relastive velocity between air and drops. Atomization
uncertalnties are also of concern. Heat transfer by radiation from the
combustor walls and flame to the liquid droplets adds to the convective
heat transfer to the droplets and is difficult to evaluate. The evalua-
tlon just given should, therefore, be used for estimation or comparison
purposes only.

CONCLUSIONS

An investigatlion was conducted to (1) compare the theoretical pre-
dictions with experimental data obtained at pressures from 1 to 5 atmos-
pheres, and (2) evolve a simplified calculation technique of reduced-
variable graphs and nomograms so as to obtain droplet histories easily.
The results and concluslons are sgtated as follows:

1l. The ratio of the unsteady-state time to the total vaporization
time increases with increasing pressure. It is conceiveble that at very
high pressures the entire droplet lifetime may be spent in the unsteady
state.

2. Agreement between calculated and experimentsal mass-transfer
histories was within 20 percent for all cases studied. Reasoneble agree- -
ment between theory and experiment was found for pressures up to 4 _
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gtmospheres. Extrapolation of the trends of agreement between experiment
and theory suggests that the theory may be in serious disagreement wilth
experiment for droplets considersbly smaller than 250 microns initial
diameter.

3. The experimental method is definitely limited in scope. This
method ceases to be practicsble for very small drops or higher air ve-
locities. Small droplets imply such short vaporization times that it is
Impossible to place the drops on the thermocouple before they vaporize.
In addition, the time to develop the airstream profile may become impor-
tent and thus raise the uncertainties of turbulence and sir-velocity
magnitude. Alr velocities are limited by the effects of droplet distor-
tion and blowoff. It is conceivasble thet the method may be used for
higher air tempersbures or pressures but only with considersble experi-
mental difficulty. It may be concluded that some other method should be
sought if conditions greatly different from those studied herein are to
be considered.

4. The method of reduced-variable charts presented in this report
is simple enough snd asccurate enocugh to be used for the calculation of
the vaporization of sprays. The method provides as much accuracy as is
warranted by the sgreement between theory and experiment.

5. Many uncertainties in the application of these studies to fuel
sprays result from a lack of understanding of the detailled behavior of
sprays. Drop-size distribution, drag coefficients, droplet interference
effects, end the effects of chemical resction in the boundary layer are
some of the more imporiant of these problems.

University of Wisconsin,
Madison, Wis., May 9, 1957.
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APPENDIX A

OTHER METHODS OF CALCULATION

A flow dlagram of the ITBM 650 progrem 1s glven in figure 17. Values
of Ty and r for each new time step are extrapolated from the three
prior points. The program automsticaelly recycles each step until the
assumed and calculated values agree to wlthin & set difference.

A procedure involving the same calculation technique used in the
IBM program but utilizing nomographic aids and graphs was devised. Be-
cause the stepwlse procedure was retained, it was estimated that at best
this procedure would require 0.7 hour of errorless calculation per history.
Such & procedure offered little sdvantage to the computing machine method
and was thus abandoned.

Appendix D presents the equations used in the calculations. The
extreme nonlinearity and compliceted coupling of these equations pro-
hibits any hope of an anslytical solution for the most general case.
The following two importent special cases do allow solution.

Steady-Stete Heat Transfer, dTy/de = O

In this case equation (D1) can be integrated to give

e! 1 2
t r r& F(X)
efc=f oo - () Xf et (a2)
0 o X+s8
where
6_": total lifetime at steady-state condition
To w initial radius at steady-state condition
b
D P
k=g '?L‘,P - 1n P TP
£mP1 T~ Cg,L
x 2 1

S Mu'-2 5 5 gel/2g.1/3

1
F(X)=Xf ——7—3‘13
0 X'.+s'12
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(See 1list of symbols for undefined quentities.) A closed-form solution
of the integral F is given in reference 2, which also gives two limit-
ing values for F. Only the limiting value for large values of X is
appropriate to Jjet engine conditions. In that case F approaches the
constent value 0.500. Graphs of g, F, and K for n-decane at 1 atmos-
Phere pressure are given in figures 8 and 9. These graphs can be used
in conjunction with a slide rule or desk celculator to obtain 6{_}. A
nomogrephic sQlution of equation (Al) is also presented in figure 10.

Negligible Mass Transfer, dm/d9 = O

For this case equation (D1) becomes

aT (T, - T.)
L_3%ts - T (2 + 0.6 Pri/3Re/?) (a2a)
B "2 2, ¢
L p,L

The equation is appllcable to n-decane for liguild itemperatures below
550° R. For a range in liquid temperature from 460° to 550° R, the
change in radius of & n~-deceane droplet due to thermal expansion is less
than 3.5 percent. Rearranging the equetion gives

2
ae = L (42Dp)

c+D(zv)/2 Tg - T
where

C = 3K /p1Cp 1,

b= o.5K (299.)1/ Z(QB,ama)l/5 ¢ o
T T a\pg Kg p,L°L

The properties of alr are evaluated at the mean temperature,

ZTB + TL.O + 550

Tp = 4

A tebulation of C end D (see table I) for n-decane shows that these
factors change only slightly over a 50° R range in Tpe Thus, integrating

glves
: 2 T, - @
0, = r m( B L’o) (A2c)

t T -
C + D(rV)l/2 Tp - 50
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While these two special cases are very useful, they do not directly
glve any information about the Importent part of the heating period.
If the unsteady-state time et u and the steady-state temperature gL

are known, the following approxmation to the tempereture history may be
mede:

T =T
T¥ = TL' TL’O = ee. for 6 < 6y 4
w - “L,0 t,u ?

*—-
T = 1. . for ezet,u

With this spproximaetion it is possible to obtain integrable forms of
equation (D1). These forms are, however, highly complicated. A further
objection to thls method is the regquired knowledge of et uw Hilgher
order approximations to the temperature histories give unintegra.ble forms
and require the knowledge of an sdditional tempersture-time point.

Various equations were f£fit to the temperature and mass histories in
an gbttempt to represent these curves with a universal formula. The fol-
lowing equations give reasoneble accuracy:

- T -ae"
o _w L (3)
Ty = lIIL,O °
R ) 2

Values of constants A, B, n, m are needed for very good accurscy. No
good correlstion of these constants with ambient conditions could be
found. This representation further indicated that a reduced plot of scme
kind was possible. The values of B and m indlcated that a reduced
plot should be based on & fixed initial liquid temperature.

Another simplified calculation technique is given here for complete-
ness. This method calculates the time to reach steady-state temperature
assuming no mass trensfer. From this point on, the steady-state vaporiza-
tion equation is used. The calculation for the unsteedy-state time thus
ignores the effect of mass transfer on heat transfer, the latent heat of
vaporization, and the change in droplet radius. These effects may be
large, since 40 to 50 percent of the drop may vaporize during the un-
steady state. While the method is approximate, comparlsons given in
figure 14 show that it 1s a very definite improvement over the simple
steady-state calculations.

:080S
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APPENDIX B

CONSTRUCTION OF 9% NOMOGRAM
The 6; nomogram (fig. 10) referred to in the body of the report
was constructed from computed values of the functions and the physiecal

properties given in reference 6. The nomogram calculates the value of

61': from the eguations

G F(X)

K(TW)

X= (:r.'V):I'/2 g('I'w) (see p. 18)

The construction with the form suggested in reference 6 is outlined
as follows:

(1) log (z) + log (V) =
(2) 2 log (X) = q + 2 log (g)
(3) log (F) + 2 log (r) =

(4) 1og (8}) = q, - log (K}

Vari- Range Scale modulus |Plotting Matching polnt
able modulus
r |£a075 to 4a0™3 .14 14  [410~5 (bottom base)
Vv |10 to 103 14 14 |10 (bottam)
N a1 _
1 Taa4s
g |3.563 to 6.000 65 130 |3.563 (bottcm)
-2
X ;xgg =6.3194 |12-639 |7.126X107% (bottom)
F [0.080 to 0.500 40 40 0.090 (top base)
r |4d0-5 to 4x10-3 7 14  [4x10™° (top)
1, %: 5.957
K (107° to 8.0816x10°° 32 -32  |8.0816x107° (top)
5. 9632 _ -6
CH T oe3s = 0+022| 5.022 |1.78x10 (top)
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Distances between scales:

rV arbitrary 10"

T Jz.g: 10 = 5"

2;& arbitrary 12"

oy 7 - "
7 =+ 65 12 = 1.167
Fr, sarbitrary 6.7"

¥ ;ﬁ; 6.7 = 14"

K  arbitrary 14"

' 5.96 _ n
90 Toes3p 1= 2198

Since there sre actually two nomograms connected through the func-
tion F(X), the distance between the F and X scales is purely arbi-
trary and does not affect the other scale distances.

The sceles from left to right as they appear on the nomogrem are:
rys 990 8 Fy V, a5, T, 6 8, Ko

Scale construction: The F and X scales were matched from IBM 650
computed values of F against s. The scales g, K, X, ¥ were specially
computed for each scale division. The scales r, V, and 0f were taken
from logarithmic scales provided in reference 6. The scales g and
XK were marked in terms of the independent verisble T.,.
Calculation proceeds as follows:

(1) Pick the values of 1y =7T,, V, and T_ of interest.

(2) Drew & line fram ry to V.

(3) From the intersection of ryV on q;, draw a line to g(T_).

(4) Reed the value of X at the intersection of gq;8 on X.

(5) Find the point on the F scale that equals this value of X.

080S
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(6) Drew a line from F to x,.

(7) From the intersection of this Fry, line with g, draw a line
to K(T,).

(8) The intersection of this q/K 1line with the 6 scale gives
the desired value' of GJ'G.

Construction of such a nomogrsm requires masny hours of tedious work.
It is therefore felt that if velues of 6 are deslred for other fuels,
the grephs of F, g, and K should be drawn and used directly. A
nomogram should be constructed only in cases where very extensive use is
antlcipated.
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ATPTENDIX C

EXAMPLE OF CALCULATIONS USING VARIABLE VELOCITY AND
CHARTS OF REDUCED VARIABLES

As en example of the method of reduced-verieble charts, the follow-
ing initial conditions will be used:

- 0808

Air temperat.ure, TB, OR . . . . . - . * & & - . . L 3 . L] L] L 1380
Initial relative air velocity, Va 0’ in /sec e + s o « s o « s s o « 1000
Initial ra.dius, 1‘0, in.o ¢ & ® 8 @& ¢ e & 0 5 s B s & & B3 B e o s » 0.001

Initial dlameter, MICroNS .« « ¢ ¢ « « o o ¢ o« ¢ ¢ o« ¢ ¢ s+ o ¢« s ¢ « & 50
Initia]. liq_uid 'tempera‘bure, II‘.L,O, OR « ® e & ¢ ® e & 8§ & 8 ®© e © ¢ 600

Ingebo's drag coefficient (ref. 5) is used here:

p = 2 | -

ch ( )("—f)"n :

Step l: Using only part of the curve of figure 7(a), obtain the reduced
curves shown in figure 18. The origin of the new axis is 0.065 on the
curve of figure 7(a). Thus, only the 6* scale must be revised. For
example, 15 percent is vaporized at 6% = 0.25 on the new scale instesad
of 6% = 0.3 as on the old scale.

Step 2: Obtain vdlues of 6y for various velocities, For 6%*= 0.8,
Ty = 736, m¥= 0.9 calculate r*—- 0. 475, Ty = O. 0004.-75, 6y = G.b/O 2=>58{.

Thus, et>a.o3 = 4.42, 4.62, 4.75, and 4.88 seconds; V = 1000, 900, 800,
end 700 inches per second. Plot these values as in Pigure 18,

Step 3: ‘Pick A0 = 5x10~4.
Step 4: Calculate the velocity at time A8 by using the drag equations:

3 fa va0.84

where

Vy = 10005 V, is the velocity at time Ag; T= (V; + v5)/2
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0,(1380) = 1.66x1075

T = 0.001

p;(625) = 0.02487 (estimating A% w11l be = 0.1)

T + T :
Vg 2L = v,(1000) = 0.0646

V.

1
For s starting value, use V2 = —%Ap After this, extrspolation of
1+

the velocity curve should be used to obtain V.

31 66X10"2(0. 0646) "9 84

K 2
2. 487x10°

K = 1656
V = 990 .
V, = vy - 16.6(3000) (5x10°%) = 1000 - 25 = 975

Vl +VZ

Recalculate V= 5

= 988.

Step 5: ab, 1= 4.47 £from the graph of step 2.

-4
Step 6: A6 = A¢ 240 0.113; 6% = 0.113

O.,1  4.47%0073 1

Step 7: The first point of the m¥, g curve is (0.025, 5><].0'4).

Step 8: The guesses of rg and T, were very close to the calculated

values, and thus no recalculation is necessary. Repeat, beginning with
step 4, to find the second point of the m¥*¥, 8 curve.

v

5 = 9753 V.

3=71

p,(1380) = 1.66x107°
T = 0.0096 (exsmine r* graph} assume Ag*% = O.1)

pr,(680) = 0.02397
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V,(1030) = 0.0686

V= 963 (linea.r extrapolation of previously calculated points)

x - 1-5xL.66x(68.6)%- 84107 .o
0. 93xX2. 397 )

Vz = 975 - 29.4 = 946

_ -3
0,z = 4550
5x10™4

£6% = = 0.1105 6% = 0.225
4.53%10

The second point of the m¥, & curve is (0.125, 10~3). The guess of
Ty, was quite good; T wes close enough. Clearly on the next step T

will be spproximately 0.00094, and so forth. Repeat to obtain third
point, and so forth.
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APPENDIX D
/
RESUME OF EQUATIONS USED IN GALCULATIONS
The following equations were used in the caleculations of histories;

they are derived and discussed in references 1 and 2. They are repeated
here for convenient reference:

- (et oo () ()]

e [ o ) )" ] - (22 8)

(p2)

where

3
dm _ oz dr 4 3%
6~ “TPLEs T3 5

Tg + Ty,
=z

el o oE2) )]
e - o)« ()

i
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P

P
£,L £,L
Km= (l-——Z—ZPT)K&+ -—’—ZPT)Kf

= (- 25E) () o0+ (282) () o,

Dys Mgy bpy, K, Kg, Cp,a.’ and Cp’f are teken at temperature T .

Pf,L’ Py, cp,L’ a.nd_ A s&re teken at the liguid temperature TL, which

is assumed uniform throughout the drop (ref. 2). The equations for the
physical properties may be found in reference 7.
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TABLE I. - VALUES OF C AND D PARAMETERS

[ ZTB + TL, 0 + 550 6 rz
T = 3 B =
. 4 ¢ + D(zv)1/2

(See appendix A) ]

Tn» C : D
°r
1075 : 1.378x107% 1.81x10"%
1050 1.350 1.81
1025 1.320 1.81
1000 1.290 1.81
975 1.260 1.809
950 1.230 1.80
925 1.200 1.788
900 1.170 1.785
875 1.140 1.785
850 1.110 1.785
825 1.080 1.785
800 1.050 1.785
775 1.020 1.785
750 .993 1.785
725 .965 * 1.785
700 .934 1.785
675 . .905 1.785
655 .880 1.785
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(a) n-Decane; initial diemeter, S44 microns.

Figure 4. - Experimentel and calculated histories. Total pressure, 2 atmospheres ab-
solute; air temperature, 900° R; air velocity, 130 inches per second.
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Figure 5. - Comparison of calculated and experimental
histories for n-decane. Total pressure, 4 atmospheres
gbsolute; gir temperature, 955° R; air velocity, 45.4
inches per second.
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(A large working copy of this fig. may be obtained by using
request card bound in back of report.
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Figure 10. - Nomogram for cslculation of 8f. (A large working copy of this fig. may be obtained by
using request cerd bound in back of report.)
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Draw line from TL(O) gcele to TL(G) scale. Pivot on intersection

3

(@]

n
1-m*
1.0
_—.9 *
— .8 1.06
7 1.00
— -6 .95
- .5 .90
- .85
=4 L.so
E 5 .75
2 .70
- .65
:'2 .80
.15 f.55

- - .50
— .10
— .09 45
— .08
— .07 .40
- .06
- -05 F.35
-
- .04
E .30
= .03
-ﬁ.oz I25
o
:—.015
i . 2034
L *
.1 —
l-d*

with Q and draw line to point on 1-n¥. Intersection on r*
scale gives corresponding value of r¥.

% _ Mass of drop at time 6

l-m” =

r¥ =
TL(e).
~ 800
Z 750
- 700
L 650
- 600
L 550

T1(6)

Initial mass
Raedius of drop at time 0

Initiael radius
Tnitial temperature of liquid, 8 = 0, °R

Temperature of liquid at time €, Or

Q TL(o

l't:
o
o
o

8

650

700

750

T T T T T T’

o |
]
(@]
o

TL(0)
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Percent mass transferred

100

20

(a) Total pressure, 1 atmosphere sbsolute; air temperature, 1280° R; air velocity, 120.9 inches pex
second; initial radius, 0.108 inch; initial liquid temperature, 612°

o

/;///

A—V—
|~

~
"
A

L L /
A .
Experimental
a Reduced charts
7 v IBM calculation
O Solid ephere, steady state
O 8teady state only
NS~
=
.1 .8 -3 oA D
Time, Bec

R.

Figure 14. - Comperisons of various celculstions with experimental data for n-decane.
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Figure 15. - Comparison of histories obteined frow (fig. 7) reduced-variable plot with IBM caleulaticns.
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Figure 16. - Comparison of reduced charts and IBM calculations for n-decane droplet with varieble

alr velocity. Total pressure, 1l atmosphere absolute; air temperature, 1600° R; initisel liquid

temperature, 550° R.
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